Abstract: The development of core-shell structures remains a fundamental challenge for pure metallic aerogels. Here we report the synthesis of PdxAu-Pt core-shell aerogels comprised of an ultrathin Pt shell and a composition-tunable PdxAu alloy core. The universality of this strategy ensures the extension of core compositions to Pd-transition metal alloys. The core-shell aerogels exhibited largely improved Pt utilization efficiency for oxygen reduction reaction and their activities show a volcano-type relationship as a function of the lattice parameter of the core substrate. The maximum mass and specific activities are 5.25 A mg-1Pt and 2.53 mA cm-2, which are 18.7 and 4.1 times higher than those of Pt/C, respectively, demonstrating the superiority of the core-shell metallic aerogels. The proposed core-based activity descriptor provides a new possible strategy for the design of future core-shell electrocatalysts.
Polymer electrolyte fuel cells are widely believed to be among the next generation of energy conversion technologies.[1] Their broad commercialization is, however, hampered by the scarcity of Pt which represents the most active catalyst governing the cathodic oxygen reduction reaction (ORR). [2] To date, fine-tuning of the Pt-based nanocrystals (NCs) [3] or replacing it with non-precious materials [4] have been extensively investigated in effort to improve the Pt utilization efficiency for catalyzing the ORR. In most cases, the conventional nanocatalysts are supported on carbon black, which is, however, partially responsible for the insufficient durability of these nanoparticulate electrocatalysts. [5] To address this shortcoming, unsupported electrocatalysts have attracted tremendous interest because of the elimination of carbon support and their extended active surfaces. [6] Assembled from colloidal metal NCs, emerging metallic aerogels have been proven to be among promising unsupported electrocatalysts, as they bridge the gap between nanoscale studies with those of macroscale dimensions. [7] These metal NC-derived aerogels can inherit the properties and functions from the parent NCs while maintaining the aerogel properties.
[8] Over the past years, our previous work have demonstrated the design and synthesis of pure metallic aerogels that are composed of noble metals and developed a series of efficient aerogel electrocatalysts. [8] [9] Among the design methodologies of electrocatalysts, the core-shell structure with a thin Pt shell serves as an ideal catalyst model for maximizing the Pt utilization and tuning the electronic structures.
[10] Therefore, designing unsupported aerogel electrocatalysts with core-shell structures is of great interest. However, the demand of strong stabilizers during the synthesis of core-shell NCs obstructs the following gelation step, rendering them hardly being implemented as building blocks for aerogels. On the other hand, weak stabilizers can hardly control the gelation process, thus leading to an more dense structure with relatively low surface area. [11] To our knowledge, consequently, the synthesis of core-shell structured metallic aerogels has barely been reported to date.
Herein, we present a two-step method to synthesize core-shell structured pure metallic aerogels with an ultrathin layer of Pt as the shell and a composition-tunable PdxAu alloy as the core. The gelation difficulty as discussed above is bypassed by the construction of three-dimentional (3D) aerogel structures before the coating of Pt shells. The PdxAu aerogels which were synthesized via a spontaneous gelation method were conformally covered with a Cu monolayer underpotentially, followed by galvanic replacement with Pt. This core-shell synthesis was further extended to PdxM-Pt (M = Ni, Co and Cu) core-shell aerogels. The metal-metal bond at the core/shell interface yields facile manipulation of the electronic properties of the Pt shell by tuning the core substrates, and leads to a variation of the ORR activity with different core substrates. A novel indirect activity descriptor was proposed based on the core substrates to elucidate the activity variation of the core-shell aerogels. Our studies showed that both the mass and specific activities of the core-shell aerogels exhibit a volcano-type relationship as a function of the lattice parameter (a) of the core substrates. Their mass and specific activities reach 5.25 A mg-1Pt and 2.53 mA cm-2 at 0.9 V at the a of ~3.86 Å, implying a Pt utilization efficiency 18.7-fold higher than that of Pt/C.
In a typical synthesis of PdxAu-Pt core-shell aerogels, PdxAu alloyed aerogels with controlled composition, serving as core substrates, were first synthesized via a spontaneous gelation method (Scheme S1). After supercritical drying, as shown in the scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images ( Figure 1a -b, Figure S1 -2), the resulting PdxAu aerogels exhibit an extensive 3D porous network structure composed of nanowires with an average diameter of about 4.5 nm. These nanowires fuse and interconnect randomly, growing into backbones of the aerogels, thus resulting in a broad pore size distribution with open pores. Lattice fringes observed in high-resolution (HR) TEM images throughout the branched backbones ( Figure S3 ) reveal that the PdxAu aerogels are polycrystalline, which facilitates the subsequent coating with the Pt shell. [6a] The crystalline properties were further examined by X-ray diffraction (XRD) ( Figure S4 ), which shows a shift of the typical diffraction peaks for the face-centered-cubic (fcc) structures to smaller angles with the increase of the Au content, indicating a lattice expansion induced by Au alloying. Alloying of the aerogel structures was further confirmed by element mapping based on energy-dispersive X-ray spectroscopy (EDXS) in scanning TEM (STEM) mode, where Au and Pd are distributed throughout the network backbones ( Figure S5 ). To obtain a Pt shell on the as-prepared PdxAu aerogel core, a Cu monolayer was first coated by means of underpotential deposition (UPD), followed by galvanic displacement of Cu by Pt. The coreshell aerogels inherits the winding topography of the wire-based backbones and remains the 3D network structure (Figure 1c and Figure S6 ). As circled in Figure 1d , twined crystal structures were frequently observed throughout the winding backbones, which usually impose lateral confinement on the Pt shell and could be beneficial for the ORR. [12] The Pd-Au alloy core and Pt shell structure of the aerogel was verified by the element mapping and line scan profiles (Figure 1e and Figure S7 ). The in situ X-ray absorption spectroscopy (XAS) analysis also demonstrated the formation of a homogeneous PdAu alloy core and a monolayer-like Pt shell ( Figure S8-S9 ).
Owing to the morphological similarities demonstrated by TEM, the specific surface area and porosity of the core-shell aerogels were estimated based on the N2 physisorption measurements on the core aerogels ( Figure S10 ). The adsorption isotherms possess characteristics of both type II and type IV isotherms, indicating the wide spread of both meso-and macropores within the aerogel monoliths. The specific surface area of the aerogels ranges from 83 to 105 m2 g-1, which is much higher than the values reported for other porous metals. [13] The density of the Pd10Au aerogel is estimated to be 0.045 g cm-3, indicating a high porosity. [8a] Given the high specific surface area and porosity, it is reasonable to anticipate that the metallic aerogels are electrochemically well accessible. Moreover, the core-shell motif offers great potential for boosting the Pt utilization for electrocatalysis. [14] To this end, electrocatalytic ORR properties of the core-shell aerogels were measured. As shown in the cyclic voltammograms (CVs), the core-shell aerogels exhibit characteristic peaks in the H2 desorption region that resemble those of the Pt/C surface, indicating the full coverage with Pt shells (Figure 2a and Figure S11 ). [15] The oxide reduction peaks of the core-shell aerogels shift to higher potentials compared to those of the Pt/C, revealing a decrease of the deposition free energy of Pt oxide species caused by the interface interactions with PdxAu substrates. As estimated based on integrated charge from H2 adsorption (Figure S11a) , the Pd20Au-Pt core-shell aerogel exhibits a specific electrochemical surface area (ECSA) of 192.3 m2 g1Pt. Remarkably, the core-shell aerogels exhibit a much diminished capacitance current, which can be ascribed to the conductive aerogel frameworks and the elimination of the carbon support.
The polarization curves of the PdxAu-Pt core-shell aerogels are presented in Figure 2b and Figure  S11b . The diffusion current density of about 6 mA cm-2 indicates a complete reduction of O2 to H2O. [16] The PdxAu-Pt core-shell aerogels show positive-going polarization curves with decreasing Au content (half-wave potential up to 922 mV). The Au content has a strong influence on the core lattice which determines the ORR activity. [17] The kinetic current at 0.9 VRHE was normalized to the loading of both Pt and noble metals in order to highlight the improvement of Pt utilization efficiency (inset of Figure 2b ). The Pd20Au-Pt core-shell aerogel exhibits a mass activity of 5.25 A mg-1Pt, which is 18.7 times greater than Pt/C (0.28 A mg-1Pt). Taking the core materials into account, it still shows a 2.7-fold higher mass activity (0.75 A mg-1noble metal). The kinetic currents calculated from the polarization curves were normalized against the ECSA and Pt mass to obtain the specific and mass activities. As shown in Figure 2c , the specific activities of the PdxAu-Pt core-shell aerogels were enhanced in the potential region between 0.85 and 0.98 VRHE relative to the Pt/C, demonstrating the accelerated ORR kinetics on the core-shell aerogels. Figure 2d shows largely improved mass activities of the PdxAu-Pt core-shell aerogels in a wide potential region compared to the Pt/C, indicating a high efficiency of Pt utilization for the ORR. Figure 3 . The mass and specific activities of the PdxM-Pt core-shell aerogels (M = Au, Ni, Co, Cu) as a function of the lattice parameter (a) and Pd-Pd interatomic distance (dPd-Pd) of the PdxM core aerogels. For reference, the activity of a Pt aerogel was obtained from ref. [8a] Because of the great potential of the core-shell aerogels toward ORR, we further extended this synthetic procedure to fabricate PdxM-Pt (M = Ni, Co, Cu) core-shell aerogels. Specifically, asprepared Pd9Ni, Pd3Co and Pd3Cu alloyed aerogels were employed as core substrates ( Figure S12 ). Their crystalline structures were examined by XRD, which shows shifts of the diffraction peaks to larger angles compared to Pd, suggesting a contraction of the fcc lattice ( Figure S13d ). The 3D porous network structure remained robust after coating with a Pt shell except a slightly increased diameter of the backbones ( Figure S14 ). The core-shell aerogel structure was verified by STEM-EDXS analysis ( Figure S15 ), demonstrating the universality of this synthesis approach.
The core-shell aerogels consistently yield superior ORR activities than the Pt/C. To date, several descriptors have been exploited to elucidate the activity improvements of Pt-based catalysts, including the binding energy (ΔEOH), the d-band center, etc. [18] For core-shell structures, the strong interaction of the core/shell interface guarantees the electronic manipulation of the shell by tuning the core substrate. Therefore, the lattice parameter of the core substrate is proposed to be an indirect activity descriptor for the core-shell aerogels. As shown in Figure 3 , the mass and specific activities of the core-shell aerogels exhibit a volcano-type relationship as a function of the lattice parameter (a) and the Pd-Pd interatomic distance (dPd-Pd) of the core substrate, where the mass and specific activities reach maximum at an a of ~3.86 Å or a dPd-Pd of ~2.23 Å. The in situ XAS analysis determined a dPd-Pd of 2.232 Å for the Pd20Au-Pt core-shell aerogel (Table S2) , which is in good agreement with the result in Figure 3 . With minor Au content alloyed in the core, the core-shell aerogel exhibits 18.7-fold and 4.1-fold higher mass and specific activities than the Pt/C, respectively. Moreover, the mass activity is far above the reported core-shell catalysts ( Figure S17 ). The coredependent activities originate from the mismatch of the lattice parameter which imposes a compressive or tensile strain of the Pt shell.
[19] The strains on the Pt shell have been confirmed by employing density functional theory to manipulate the ORR activity by influencing the ΔEOH of intermediate adsorbates as well as the position of d-band centers. [10b, 20] Taken together, the significant enhancement in both specific and mass activities could be mainly attributed to i) the appropriate lattice strain of the Pt shell derived from the interaction with the Pd-based cores; ii) the high dispersion of Pt due to the core-shell structure with an ultrathin Pt shell; and iii) the 3D aerogel structure which facilitates the mass transfer for ORR.
The stability of the core-shell aerogels for ORR was studied by cyclic potential sweeps between 0.6 and 1.0 VRHE in air-saturated 0.1M HClO4 solution ( Figure S18 ). Taking the optimal composition as an example, the Pd20Au-Pt core-shell aerogel exhibits a slight loss of 8.2% in mass activity after 10000 cycles, while the Pt/C shows a significant loss of 27.6%. In addition, TEM images ( Figure S19 ) show that the aerogel maintained the 3D network structure after stability test, rather than particle aggregation which is frequently observed in the Pt/C. In summary, we have reported on a series of PdxM-Pt core-shell aerogels with an ultrathin Pt shell and a composition-tunable PdxM (M = Au, Ni, Co and Cu) core. The aerogels combine the advantages of the aerogel nature and core-shell properties, which integrates several catalysis enhancement factors. Our studies elucidate that the ORR activities of the core-shell aerogels exhibit a volcano-type relationship as a function of the lattice parameter of core substrate. The mass and specific activities reach 5.25 A mg-1Pt and 2.53 mA cm-2 at the a of ~3.86 Å, implying a Pt utilization efficiency 18.7-fold higher than that of Pt/C. This work highlights the great potential of pure metallic core-shell aerogels as highly efficient electrocatalysts through structural engineering. Furthermore, the proposed core-based indirect activity descriptor provides new possible strategies for the design of next-generation core-shell electrocatalysts.
